Additional index words. abscission, fruit drop, peel toughness, fruit firmness, puncture damage Abstract. This study evaluated the effects of huanglongbing (HLB) symptom severity on fruit detachment force (FDF) and fruit mechanical properties in sweet oranges (Citrus sinensis) as indicators of potential HLB-influenced preharvest fruit drop and postharvest damage and breakdown. FDF for fruit from HLB-asymptomatic trees (AS) was substantially greater than for fruits from HLB-symptomatic trees or branches. Fruit hardness, resilience, springiness, and cohesiveness values, measured by texture profile analysis (TPA), represent various aspects of fruit firmness and recovery capacity once compressed, and were lower in HLB-symptomatic fruits in comparison with AS fruits. On the other hand, puncture force, toughness, and deformation values, measured by a puncture test and representing peel toughness, were higher in HLB-symptomatic fruits than in the AS fruits. The results indicate that fruits from severely HLB-symptomatic sweet orange trees are more likely to have problems with preharvest fruit drop, and postharvest pressure damage and breakdown, but may have less puncture damage in harvesting, transportation, packing, and juice processing.
and poorly colored, with the juice having a bitter or sour taste and off-flavors Plotto et al., 2010) . As HLB severity increases, preharvest fruit drop becomes an increasing problem, which has contributed to declining yields in Florida, especially in the last few years (Bassanezi et al., 2011; Gottwald, 2010; USDA NASS, 2015; Zhao et al., 2015) .
Abscission is a naturally occurring process that enables plants to shed organs . Abscission is characterized by a series of physiological and biochemical events in the abscission zone that lead to cell wall breakdown in the few rows of cells on either side of the fracture line and ultimately to detachment of the organ (Burns et al., 2003; Roberts et al., 2002) . However, very little data are available on the effect of HLB on FDF and abscission of citrus fruit. One of the objectives of this study was to determine the effect of HLB severity on FDF of 'Hamlin' and 'Valencia' sweet oranges (C. sinensis).
Another objective of this research was to determine how HLB severity affects orange peel and fruit physical and biomechanical properties, which may contribute to mechanical injury of fruit during harvest, and postharvest handling and processing, and may also influence juice extraction and resulting juice quality. Tissue morphology (cell size, cell arrangement, and cell wall structure etc.) and material composition of fruits have an effect on their mechanical properties. Puncture, compression, cutting, tensile, shear, and TPA tests are usually used to estimate the maturity or resistance of fruit to force (Singh and Reddy, 2006) . It has been reported that the maximum force in a puncture test represents the resistance of the fruit peel, and the force-deformation ratio in a whole fruit compression test represents whole fruit resistance (Ortiz and Torregrosa, 2014) . McDonald and Shaw (1987) and Juste et al. (1988) found that puncture resistance of citrus peel decreased with fruit age. The force required to puncture or burst a fruit is directly related to the contact area. This is a function of two variables: the punch diameter used and the radius of curvature of the fruit. The fruit can withstand higher contact forces when subjected to larger punch diameter (Flood et al., 2006) . 'Dancy' tangerines and 'Navel' and 'Temple' oranges showed lowest resistances to rupture (7.8, 20.6, and 92 .1 N, respectively) and puncture force (0.5, 1.1, and 6.5 N, respectively); 'Duncan' grapefruit and 'Valencia' orange had medium resistance with 283.2 and 199.9 N in rupture force, respectively, and 8.5 and 11.8 N in puncture force, respectively; however, lemon and lime showed the highest resistance to rupture with 356.7 and 371.4 N, respectively, and to puncture with 30.4 and 39.2 N, respectively (Ahmed et al., 1973) . Miller (1986) also showed significant differences in compression force and puncture parameters among varieties of citrus. No significant differences for harvest time (after reaching harvest maturity), or abscission chemical application was detected for burst, puncture, and peel tensile strength properties in three orange varieties (Churchill et al., 1980) . Singh and Reddy (2006) studied postharvest physico-mechanical property changes of 'Nagpur' mandarins by performing peel tensile tests, peel cutting, fruit compression, puncture resistance, and fruit cutting tests under ambient and refrigerated storage conditions, and found that the peel tensile strength, modulus of elasticity, and cutting force decreased with storage period in both ambient and refrigerated conditions. In contrast to these studies, little is known about how a disease, such as HLB, affects peel and fruit mechanical properties in citrus, thus this study explores these effects in two major Florida juice orange varieties, 'Hamlin' and 'Valencia'. The aim of this study was to assess the effect of HLB symptom severity on FDF and fruit mechanical properties in sweet oranges as indicators of potential HLBinfluenced preharvest fruit drop and postharvest fruit damage and breakdown.
Materials and Methods
Plant materials. Fifteen-year-old ' Hamlin' and 'Valencia' orange 
Raf.] rootstock, in a commercial grove located in Vero Beach, FL, were selected for this experiment. The trees received common cultural practices and the grower's standard pest and disease management, which means that enhanced nutritional and pesticide/fungicide spray programs were applied to maintain vigor and productivity of the trees under the severe HLB pressure (Baldwin et al., 2012) . For each cultivar, experimental trees were located in a two-acre block, the border trees/rows were excluded from sampling, and trees with average canopy sizes were selected. The experimental trees were tested by real-time polymerase chain reaction in late 2013 by using the method of Li et al. (2006) , and all were CLas positive, despite that some trees were not yet showing HLB symptoms.
The study was conducted using a randomized complete block design with five replicates. For 'Hamlin', three conditions/types of fruit samples were collected. The first type was from severely symptomatic HLB trees (HLB) with twig dieback, short shoots, blotchy mottle, curled leaves, and small, misshapen fruits. The second type was from HLB-symptomatic branches (HLB-B) on trees for which at least 50% of the canopy was HLB asymptomatic. The third type was fruits from HLB-asymptomatic trees (showing no visible HLB symptoms, AS). 'Hamlin' fruits were sampled on 18 Nov. and 2 and 16 Dec. 2013 and 6 Jan. 2014. Twelve fruits, of average size, shape, and color, per replicate/ tree were sampled on each date. Fruit with attached stems (50 mm) were clipped in the early morning and transferred to the laboratory within 2 h.
For 'Valencia', only two types of fruit were collected, AS and HLB, because it was not possible to find trees that qualified as HLB-B trees. Samples were taken on 19 Jan., 3 and 19 Feb., and 3 Mar. 2014 in the same manner as for 'Hamlin'.
Fruit detachment force. The FDF was measured using a digital pull force gauge (Force Five; Wagner Instruments, Greenwich, CT) . Fruit stems, 50 mm in length, were secured by a clamp, which was connected to the force gauge (Burns et al., 2003; Pozo et al., 2004) . Fruit were then twisted and pulled to emulate hand harvesting. Pulling was performed vertically along the longitudinal axis direction of the fruit and then bent to one side until the stem separated from the fruit. The force was expressed in Newton. At each harvest, 60 fruits were used per HLB condition (HLB, HLB-B, and AS).
Visual classification of fruit color and abscission zone types. Directly after measurement of FDF, the pattern and color of the detachment zone were evaluated from both fruit and stem (peduncle) ends and designated as abscission zone C (AZ C) detachment and non-AZ C detachment. AZ C detachment indicates fruit detached from abscission AZ C, with a round and smooth detachment scar with dark brown color on the fruit end and no attached calyx. On the stem end, the columella vascular bundles were dark brown with irregular indentations (Fig.  1A and B) . All other types of detachment, usually caused by physical breakage of the vascular bundles due to the pulling force, left the calyx remaining on the fruit side. Meanwhile, the broken stem end often showed a fresh green (outer layer of phloem tissue) and white (inner xylem tissue) surface with clear boundaries separating these two tissues ( Fig. 1C and D ). Similar differences were seen in 'Valencia', but data were only collected for 'Hamlin'.
Texture profile analysis. The TPA test was carried out using a texture analyzer (TA-XT2i; Stable Micro Systems, UK) calibrated with a 5-kg load cell and equipped with a 60-mm-diameter flat plate. The methods were adapted from Mavroudis et al. (2004) with some modification. The equatorial area of fruit was compressed twice with a loading displacement of 12 mm. The test conditions were as follows: pretest, test, and posttest speeds were all 1 mm · s -1 , trigger value was 0.25 N, and the time of stay was 2 s. The test mode was longitudinal compression. Twenty fruits were used per fruit type (HLB, HLB-B, and AS).
Fruit puncture. Fruit puncture resistance was measured using the same equipment as above with a cylindrical probe (3 mm diameter). The methods were adapted from Flood et al. (2006) with some modification. Stroke speed was 2 mm · s -1 , and the probe travel distance after touching the fruit was 15 mm. Posttest speed was 6 mm · s -1 . Each fruit sample was punctured at three equidistant locations along the equatorial region of the fruit. Twenty fruits were used per fruit type. Statistical analysis. The PASW Statistics 17 software (SPSS, Inc., Chicago, IL) was used for statistical analysis based on each fruit as a unit and differences at P # 0.05 were considered significant. For the normal distribution data obtained from TPA and puncture tests, one-way analysis of variance was used to analyze the differences among the fruit types, and mean separation was determined by Duncan's multiple range test. Where FDF data were skewed either because samples contained ''0'' value FDFs (fruit separated from the stem without pulling) or there were FDFs that exceeded the maximum scale of the instrument (60 N), Wilcoxon's test was used. For paired data obtained from 'Valencia' (HLB vs. AS), t test for two independent samples was used to determine significance.
Results and Discussion
Fruit detachment force. In 'Hamlin' fruit, 24% of HLB-symptomatic fruits detached from peduncles at the AZ C, leaving a round and smooth detachment scar with dark brown columella vascular bundles on the calyx end ( Fig. 1A and B ; Table 1 ). The AZ C detachment on 18 Nov. 2013 occurred in 26.7% and 20.0% of the HLB and HLB-B samples, respectively, increased to 33.3% and 60.0%, respectively, on 2 Dec. 2013 and then consistently decreased until the end of the season (Table 1) . On the other hand, all AS fruits exhibited non-AZ C detachments (0 AZ C detachment, Table 1 ). This type of detachment usually was caused by physical breakage of the vascular bundle and surrounding tissues with uneven and light colored detachment scars on both fruit and peduncle sides, with the calyx usually remaining on the fruit (Fig. 1C and D) . A similar observation was recorded by Liao and Burns (2012) . Etxeberria et al. (2009) reported that starch accumulated conspicuously in xylem parenchyma cells of the HLB-affected stems, the cambial zone between the phloem and the xylem was damaged as the result of phloem collapse, the phloem and the xylem were separated and the tissue in the cross section was loose with a tan color. In contrast, the cells in the tissue of the phloem and xylem in the cross section of an AS stems was dense with a complete cambial zone with a fresh white or light yellow color. Zhao et al. (2015) reported that Diplodia fungal hyphae (Lasiodiplodia theobromae or Diplodia natalensis) in HLB fruits may be associated with AZ C appearance.
Values for FDF for each fruit type (HLB, HLB-B, or AS) and at each sampling time showed a normal, or nearly normal distribution in 'Hamlin' fruits ( Fig. 2A-D) . Generally, average FDF of the fruits from AS trees was higher than that of the fruits from HLB and HLB-B (P < 0.05). Average FDF values were higher in 6 Jan. 2014 AS and HLB-B samples in comparison with other sampling dates ( Fig. 2A-D) , indicating that advanced maturity correlated with increased FDF for those fruits.
Similar patterns in FDF were observed with 'Valencia' fruits. Average FDF for fruit from AS trees was significantly higher than that of the fruits from HLB, except on 19 Feb. 2014 ( Fig. 2E-H ). The fruits with progressed maturity generally had higher FDF values than the less mature fruits for both AS and HLB samples (Fig. 2E-H) .
In an earlier study, abscisic acid (ABA) in the flavedo of the HLB-affected fruits was found to be significantly higher than in the flavedo of AS fruits, which could accelerate fruit loosening and premature abscission (Rosales and Burns, 2011) . As a result, the formation of the abscission zone between the stem and pedicel accelerated detachment at the fruit AZ C (Racsk o et al., 2006) . Zhao et al. (2015) observed that infection by D. natalensis, a fugal pathogen that causes postharvest stem-end rot in citrus, may contribute to preharvest fruit drop. A possible mechanism is that HLB weakens the tree and allows for preharvest growth of Diplodia in AZ C, which in turn, results in increased ethylene production and thereby formation of the abscission zone (Zhao et al., 2015) . Another possible explanation is that HLB injury to the roots resulted in tree/fruit water stress, increased ABA in the fruit/stems promotion of ethylene production, concurrent AZ formation, and Diplodia development. Nevertheless, the information on the relationship between HLB, AZ C formation, FDF, and preharvest fruit drop were sporadic, and there were several possible explanations, but nothing definitive.
'Valencia' fruit samples were collected from 40 d before commercial harvest to early commercial harvest ( Fig. 2E and F) . Results with 'Valencia' were similar to 'Hamlin', which were picked over the commercial harvest season ( Fig. 2A-D) . Results indicated that increased HLB symptom severity can accelerate abscission, thus decrease FDF, and potentially caused a high incidence of fruit drop. The increase in FDF as fruit aged was unexpected. Two possible reasons for this anomalous response include 1) loosened fruits had already dropped previous to sampling times leaving tighter (healthier) fruits on the tree or 2) thinning of fruits through abscission over the season reduced the fruit load on the tree later in the y Means within a column in same day followed by the same letter were not significantly different at P # 0.05. Fig. 2 . Effect of HLB on distribution of fruit detachment force (FDF) presented in column graphs, and mean FDF values labeled next to the legends of fruits from four 'Hamlin' (left; A-D) and four 'Valencia' (right; E-H) sampling dates. The means followed by the same letter were not significantly different at P < 0.05 level. AS = fruit from HLB-asymptomatic trees; HLB = fruit from HLBsymptomatic trees, and HLB-B = fruit from HLB-symptomatic branches on largely asymptomatic trees.
season, which allowed more nutrients for the remaining fruit. We compared the fruit drop trends with temperature and rainfall, but did not find any correlations (data not shown). Abscission can be triggered by a range of conditions, including excessive water loss and various forms of wounding, during which a number of molecular and physiological events occur within cells, tissues, and organs (Cheong et al., 2002) . Organs separate from the mother plant due to hydrolysis of cell walls and intercellular zones beginning with perception and propagation of appropriate signals (Cheong et al., 2002; Roberts et al., 2002) . TPA profiles. Figure 3 presents the forcetime curves for AS, HLB-B, and HLB 'Hamlin' fruits using the TPA test, and each measurement resulted in four textural parameters: hardness, cohesiveness, resilience, and springiness. Hardness (peak force during the first compression cycle expressed in Newton) reflects the yield force required for fruit deformation under an external force and the magnitude of the intercellular binding force in the fruit tissue. Cohesiveness, ratio of the second compression area (A 2 ) and the first compression area (A 1 ) in a two-cycle forcetime TPA test, refers to how well the fruit withstands a second compression deformation, maintains junction and integrity during compression, and to the magnitude of the intercellular binding force. Resilience, ratio of the area of the first downstroke (A 4 ) to the area of the first upstroke (A 3 ), refers to the capacity of the fruit to regain its original position, considering not only the distance, but also the force and speed with which the fruit bounces back after the initial deformation. Springiness, the height that the sample recovers during force relaxation time between first and second bite compression cycle, i.e., L 2 /L 1 , is defined as the extent to which the compressed fruit returns to its original size when the load is removed. The four parameters represent different aspects of fruit response when the fruit was pressed. Springiness could be referred to as ''retarded recoverable springiness,'' and resilience as ''instantaneous recoverable springiness'' (Bourne, 1978; Mavroudis et al., 2004; Pons and Fiszman, 1996; Veland and Torrissen, 1999) . Figure 3 shows a difference between AS vs. HLB and HLB-B, but no difference between HLB and HLB-B in hardness (H 1 , Fig. 3) .
Results of TPA parameters for HLB, HLB-B, and AS in 'Hamlin' and 'Valencia' fruits are shown in Table 2 . Through the entire experiment, cohesiveness, springiness, and resilience of the AS fruits were generally higher than those of HLB and HLB-B fruits, although not always significant, regardless of sampling time or variety (Table 2) . Hardness was also generally higher for AS fruit than for HLB and HLB-B, but significantly different only for the 18 Nov. 2013 harvest. Differences in cohesiveness and resilience for AS compared with HLB or HLB-B on all harvest dates for both 'Hamlin' and 'Valencia' were statistically significant (Table 2) . Springiness on 18 Nov. 2013 for 'Hamlin' and on 3 Mar. 2014 for 'Valencia' was significantly lower in both types of HLB-symptomatic fruits compared with AS. TPA hardness decreased in 'Hamlin', but increased in 'Valencia' with maturity (Table 2) .
Our data indicate that HLB-symptomatic fruits had reduced elastic responses in sweet oranges. The orange fruit is composed of peel, support tissues, and soft pulp tissues. The mechanical properties of the support tissues and the peel depend primarily on cellulose and pectic substances, whereas mechanical properties of the soft tissues are governed mainly by the turgor pressure generated by the water in the cells and vacuoles. Distinctions between cell zones are gradual, and the turgor pressure decreases during maturity, which leads to fruit softening, and may be associated with flavor formation (Huber, 1983; McCann et al., 1990; Seymour and Gross, 1996; Seymour et al., 2013) .
Puncture profiles. Puncture tests measure puncture resistance of fruits. Force-time curves of the three types of 'Hamlin' fruits are shown in Fig. 4 . The force-time curve can result in three puncture parameters including puncture force, deformation, and toughness, to represent the different aspects of fruits when pressed by a twig, branch, or other thin and sharp subjects. Force continuously increased linearly until the rupture point at which the orange peel was broken (or punctured), this measurement is called puncture force, expressed in Newton (Fig. 4) . Then, the force suddenly falls to a lower level as the probe moves through the peel and into the pulp tissue, whose resistance force varied slightly because of the heterogeneity of the pulp texture (Flood et al., 2006) . Deformation was the puncture depth (mm) of the probe from first contact at the orange peel surface to the depth of the peel rupture point, representing the maximum deformation level of the structure. Toughness indicated the deformation capacity of the peel to resist rupture and the energy necessary to break the peel, which was equal to the area under the force-time curve (Camps et al., 2005; Huu-Thuan et al., 2010; Sirisomboon et al., 2012) . Figure 4 shows the differences in puncture force between AS, HLB, and HLB-B fruits.
As shown in Table 3 , for 'Hamlin' and 'Valencia' at each time of sampling, puncture force, deformation, and toughness of the HLB and/or HLB-B fruits were higher than that of AS fruits. There were little differences between HLB and HLB-B fruits (Table 3) . From the point of view of pre-and postharvest handling, this relates to the force necessary for pointed objects or stems to cause puncture wounds during harvesting, transportation, and postharvest handling, which often provides an entrance for decay organisms. Fruits with higher deformation values are softer (Grotte et al., 2001 ), but less elastic, tougher to puncture, and more vulnerable to fracture (Rahman et al., 2012) .
Differences in the mechanical properties between fruits resulted mainly from the structure of fruit, which is dependent on both peel weakness and whole pulp firmness (Sirisomboon et al., 2012) . The intercellular binding force decreased with degradation of the cell wall substances, such as pectin, cellulose, hemicellulose etc., maintaining the fruit hardness (McCann et al., 1990; Seymour and Gross, 1996) . Accordingly, TPA hardness of 'Hamlin' fruits exhibited an overall decreasing trend with time of harvest for all fruit types (HLB, HLB-B, and AS) ( Table 2) . Similar trends were also reported by Juste et al. (1988) and McDonald and Shaw (1987) . They indicated that maturity has a profound effect on fruit firmness. Puncture force in 'Hamlin' decreased remarkably over the harvest season, regardless of HLB severity, indicating that the laterharvested fruits were more sensitive to puncture damage. In addition, the data show that symptomatic HLB fruits are more resistant to puncture compared with AS fruits.
In conclusion, FDF was found to be similar for HLB and HLB-B fruit, but higher for AS fruit. This may contribute to the high incidence of preharvest fruit drop for symptomatic HLB trees. In general, HLBsymptomatic fruits were softer and had a lower capacity for recovery once compressed compared with AS fruits. On the other hand, the peel of HLB-symptomatic fruits was more resistant to puncture damage than for AS fruits. HLB affected trees have been reported to have impaired root systems (Graham et al., 2013 ) that perhaps could result in less fruit turgor pressure, which might impact fruit firmness.
